ABSTRACT: Fourteen soil profiles from California were collected in order to measure the d 13 C of coexisting soil calcite and organic matter. Thirteen of the profiles contained a measurable amount of calcite ranging from 0.04 to 54.6 wt %. Soil calcite d 13 C PDB (d 13 C value vs. the calcite standard Peedee Belemnite) values range from À14.4 to 1.3ø, whereas organic matter d 13 C PDB values range from À24.0 to À27.7ø. The hydrology of these profiles is divided into two broad groups: (1) soils characterized by gravity-driven, piston-type vertical flow through the profile and (2) soils affected by groundwater within the profile at depths where calcite is present. The difference between soil calcite and organic matter d There is a correlation between estimates of soil PCO 2 and a value termed ''E PPT-U '' (kJm 2 /yr) among the soil profiles characterized by gravity-driven flow. E PPT-U is the energy flux through the soil during periods of soil moisture utilization, and it is the product of water mass and temperature in the profile during the growing season. Thus, soils with high water-holding capacity/storage and/or low/high growing season temperature may form soil calcite in the presence of high soil PCO 2 , and vice versa. The results of this research have important implications for reconstructions of paleoclimate from stable carbon isotopes of calcareous paleosol profiles.
INTRODUCTION
Calcite is an important authigenic soil mineral component in subhumid to arid climates (e.g., Buol et al. 2003) . Calcite-bearing soils in ancient environments (paleosols) are also an abundant component of the terrestrial stratigraphic record (e.g., Retallack 1997, Alonso-Zarza and Tanner 2006) . While much research has been done to understand their morphological development and potential relationship to factors of soil formation, climate in particular (Jenny 1941; Arkley 1963; Gile et al. 1981; Machette 1985; McFadden and Tinsley 1985; Retallack 1994 Retallack , 2005 Royer 1999) , stable carbon isotope analysis of soil and paleosol calcite has been increasingly used over the past three decades in order to define quantitative paleoclimate proxies.
It has been recognized for some time that the d 13 C PDB (d 13 C value vs. the calcite standard Peedee Belemnite) value of soil calcite (CaCO 3 ) typically represents a mass-balance mixture of at least two CO 2 end members: CO 2 derived from oxidation of organic matter in the soil and CO 2 derived from the global troposphere (e.g., Cerling 1984 Cerling , 1991 Yapp and Poths 1996; Breecker et al. 2009 ). This understanding has led to applications of stable carbon isotope values of calcite from paleosol profiles in order to reconstruct numerous aspects of paleoclimate and paleoenvironment, including temporal and spatial distributions of photosynthetic pathways (e.g., C 3 vs. C 4 ) upon paleolandscapes and estimation of paleoatmospheric PCO 2 . However, because the activity of CO 3 in calcite is fixed at unity there is no way to determine from this mineral the partial pressure of CO 2 in the soil at the time of calcite crystallization. Therefore, in order to solve the two end-member mixing equations for the partial pressure of atmospheric PCO 2 or d 13 C values of soil-derived CO 2 (which permits estimation of C 3 vs. C 4 photosynthesizers undergoing oxidation in the soil profile), a partial pressure of CO 2 in the soil at the time of calcite crystallization must be assumed. Most studies of paleosol calcite d
13 C values have assumed a uniform soil PCO 2 of 5000 ppmV (Cerling 1991 , Yapp and Poths 1996 , Ekart et al. 1999 , Tabor et al. 2004 ) because this is an approximate average of mean soil PCO 2 measurements in modern soils characterized by pedogenic calcite accumulation. More recent studies of paleosol calcite d 13 C values have assumed different soil CO 2 concentrations according to paleosol morphology (e.g., Montañez et al. 2007; Gutierrez and Sheldon 2012 ; see description in Sheldon and Tabor [2009] ) because there appears to be a systematic difference in the mean soil PCO 2 among different soil orders, and these can be recognized in a straightforward manner through detailed study of paleosol morphology (e.g., Mack et al. 1993; Retallack 1993 Retallack , 1994 .isotope measurements from soil calcite and soil CO 2 of young profiles (,1000 years) from semiarid settings in north-central New Mexico that indicate (1) calcite forms only during the dry season as soil biota begin to undergo moisture stress, and (2) soil PCO 2 during this interval of time is remarkably low compared to those values assumed in most previous studies of paleosol calcite. In spite of these sobering results, it remains a fact that we do not know the partial pressure of CO 2 in the soil for most modern and ancient soil-forming systems.
Presented herein are the d 13 C values of calcite and coexisting organic matter from US Department of Agriculture (USDA) official soil series profiles in California (western USA). These data are used to approximate the partial pressure of soil CO 2 at the time of calcite crystallization. This data set constitutes a reasonable collection of soils with which to evaluate the typical range of, and the potential factors responsible for, soil PCO 2 values during calcite crystallization for the following reasons: (1) Contemporary tropospheric CO 2 is approximately 380 ppmV, with a d 13 C value of À8ø (Schlessinger 1996) , but atmospheric PCO 2 did not exceed 280 ppmV (Petit et al. 1999 ) and has maintained a d 13 C value of approximately À6.5ø (Lourantou et al. 2010 ) over the past 125,000 years. (2) Californian terrestrial ecosystems have been dominated by C 3 photosynthesizers over the period of soil formation (Jacobs et al. 1999) , and, therefore, d
13 C measurements of modern floras should provide reasonable estimates of soil-derived CO 2 d
13 C values. (3) The timing and temperature of calcite crystallization may be reasonably constrained by synoptic weather data collected from climate and soil monitoring stations (e.g., Thorthwaite 1948) . (4) The official soil series descriptions provide a virtually unique opportunity to evaluate whether the morphology or hydrology of these soil profiles facilitates crystallization of soil calcite during open-system exchange with the overlying atmosphere or if the calcite may be influenced by closed-system behavior or inheritance of some precursor carbonate. (5) The large range of soil temperatures and annual precipitation values among these soil profiles permits evaluation of basic climate factors against the variation of the soil PCO 2 estimates.
BACKGROUND AND RATIONALE

Samples Available for Analysis
Samples in this work come from the California ''Soil Series Pedolarium,'' a systematic collection of soil material archived during the 1960s and 1970s as part of the USDA-Natural Resources Conservation Service (NRCS) official soils series profile descriptions (Soil Survey Staff 2010a) , which is housed in the Department of Land, Air and Water Resources at the University of California, Davis campus. Initially, 79 different soil profiles represented by 436 soil horizons were subsampled from the archive by N.J.T. in 1999 as part of a separate study that involved nondestructive magnetic analysis. These subsamples were selected from bulk soil material and packed into 1-cm 3 plastic containers. The subsamples were revisited by N.J.T. in 2008 for the current study. Among the initial 79 soil profiles subsampled from the archive, 14 profiles, represented by 42 different horizons, are reported to contain calcite ( Fig. 1 ; Tables 1, 2 ). Information about these 14 profiles, named informally profiles ''1'' through ''14'' here, is given in Table 1 .
The carbonate among these soil subsamples is finely crystalline to microcrystalline calcite that occurs either as disseminated cement through the soil matrix or as filamentous concentrations lining pores and tubules (Table 1) . Only a few of these samples included indurated, millimeter-sized carbonate nodules (Table 1) . Note, however, that some of these soils include larger nodules and petrocalcic horizons, but as a result of the sampling of soil material in 1-cm 3 plastic containers they were not included in this analysis. Macroscopic examples of soil organic matter, such as soil root matter, are relatively rare among these samples. Nevertheless, fine rootlets from at least one carbonate-bearing soil horizon within each profile were isolated from bulk soil matrix and collected for measurement of stable carbon isotope composition.
Characteristics of the Soils
The profiles reported to contain carbonate (Table 1) occupy a geographic domain across most of the state of California, from 117.458W to 121.878W and 33.958N to 41.548N ( Fig. 1 ; Table 1 ). The 14 soil profiles reside within five different soil orders in the USDA Soil Taxonomy classification system (Soil Survey Staff 2010a , 2010b . Among these 14 profiles are six Vertisols, four Mollisols, two Aridisols, one Alfisol, and one Entisol (Table 1) . Soil profile descriptions are taken from the Soil Survey Staff, NRCS, USDA Official soil series descriptions. They are available online at http://soils. usda.gov/technical/classification/osd/index.html (accessed July 6, 2010 , through February 10, 2011 . Most of these profiles are developed upon alluvium, with a mixed composition of sedimentary, igneous, and metamorphic rocks. However, profile 4 is developed upon mixed shale and sandstone strata of Mesozoic age; profile 10 is developed upon Paleozoic-age limestone strata; and profile 2 is developed upon Tertiary-age lacustrine sediment. The landscape positions of these profiles occur on flat-to low-angle (,88) slopes occurring at elevations ranging from approximately 100 to 2900 m above sea level. Elevation is strongly correlated with surface-atmospheric mean annual temperatures (MAT) ranging from 7 to 188 C and soil temperature regimes ranging from frigid to hyperthermic (Table 1) .
Mean annual precipitation among the profiles ranges from 100 to 432 mm/yr and is concentrated during winter and early spring. The soil moisture regime for most of these profiles is xeric or aridic/torric (Soil Survey Staff 2010a , 2010b . A xeric soil moisture regime indicates that soils are moist in some part of the profile on more than one-half of the days that the soil temperature is .58 C, dry in all parts for more than 45 consecutive days in the 4 months following summer solstice, and moist in all parts for more than 45 consecutive days in the 4 months following the winter solstice. ''Aridic'' or ''Torric'' soil moisture regimes indicate that profiles are dry more than half of the time when they are not frozen and are never moist for more than 90 consecutive days when soil temperatures are above 88 C in most years.
Ground-covering plants and/or trees cover all profiles. Root systems occur from the surface to a minimum depth of 45 cm (profile 1) and a maximum depth of 185 cm (profile 11). The drainage class of the soil profiles ranges from somewhat poorly drained to somewhat excessively drained (Table 1) . Profile 4 is characterized by redoximorphic Fe-segregations indicative of intermittent, but long-duration, periods of saturated and anoxic (''aquic''; Vepraskas 1994) soil moisture conditions. Profiles 8 and 9 became saturated by groundwater rise (''endosaturation'') to ,75 cm beneath the soil surface during spring months. As discussed below, the hydrology, soil moisture balance, morphology, and chemistry of profiles 4, 8, and 9 differ from those of other profiles in this study as a result of the effects of groundwater accumulation within the rooting zone. Subsequent discussion of profiles 4, 8, and 9 refers to them collectively as ''groundwater affected.''
METHODS
Samples of soil material that contain calcite were ground to a powder in a corundum mortar and pestle. Powders were weighed and then loaded into carbonate reaction vessels equipped with a sidearm for introduction of 100% H 3 PO 4 . Between 100 and 830 mg of sample powder was used depending upon the concentration of calcite in the soil material. After loading of the sample and H 3 PO 4 , atmospheric gases and sorbed water were evacuated from the reaction vessels using high-vacuum extraction lines, and calcite was then dissolved in vacuo by combining 100% H 3 PO 4 with the soil material at 258 C for ;16 hours. The resulting CO 2 samples were cryogenically purified, and CO 2 yields were determined via mercury manometer with a precision of 60.2 lmol. CO 2 samples were analyzed for carbon and oxygen isotope ratios using a Finigan MAT 252 isotope ratio mass spectrometer in the Huffington Department of Earth Sciences at Southern Methodist University.
Individual rootlets collected from bulk soil material were treated overnight with 1 N HCl in order to remove any calcite that may have been present on the sample. Rootlets were then rinsed with deionized H 2 O until the rinse water remained at the original pH of the rinse water (;5.6) after at least 10 minutes of contact with the acid-leached sample. These organic-enriched residues were freeze-dried to remove sorbed water, and the carbon content and d
13
C values of these samples were determined from CO 2 produced by closed-system combustion of the organic matter following the methods of Boutton (1991) .
Isotope values are reported in standard delta notation, as follows:
where R is the ratio of heavy to light stable isotope ( 13 C/ 12 C) present in the sample or standard. d
13 C values are reported relative to the Peedee Belemnite standard (PDB; Craig 1957) .
RESULTS
The samples yielded calcite concentrations that ranged from 0.04 to 54.6 wt % of the bulk soil material ( Table 2 ). The exception was profile 3 (Alo), which did not contain calcite despite the official soil series description indicating carbonate between 75 and 90 cm below the soil surface. Because calcite was not found in profile 3, it will not be considered in the subsequent ''Discussion'' section.
Calcite d 13 C PDB values range from À14.4 to 1.3ø. Among the 10 soil profiles with multiple horizons containing calcite, carbon isotope variability within individual soil profiles ranges from 0.1 to 5.4ø. Profile 5 (Alturas; Fig. 2A ) shows a strong correlation between increasing soil depth and more negative calcite d 13 C values from 2.5 to 120 cm. Two other profiles (profiles 6 and 14) exhibit little calcite d 13 C variation, ,1ø, with depth. Three other profiles (profiles 1, 2, and 14) record more positive calcite d
13 C values, up to 4.8ø, beneath the shallowest calcareous horizon. Four other profiles (profiles 8, 9, 9, and 10; there were two separate collections of profile 9; see Table 2 ) exhibit more complicated patterns with multiple positive and negative carbon isotope trends (e.g., Fig. 2B ). With respect to soil taxonomic order, Entisols (profile 10) have the most positive d
13 C values (À0.2 6 1.9ø, n ¼ 3), followed by Aridisols (À3.1 6 3.3ø, n ¼ 4), Alfisols (À7.1 6 FIG. 1.-Location map of soil profiles analyzed in this study. The numbers on the map correspond to the numbers assigned to the soil profiles throughout the text, tables, and subsequent figures. Table 3 for further explanation). Table 2 ) range from À23.4 to À27.7ø. With respect to soil taxonomic order, Entisols (profile 10) exhibit the most positive (À24.1ø, n ¼ 1) organic matter d 13 C values, followed by Alfisols (À24.3 6 0.4ø, n ¼ 2), Mollisols (À24.3 6 0.6ø, n¼ 4), Aridisols (À25.1 6 0.7ø, n¼ 2), and Vertisols (À25.5 6 1.4ø, n ¼ 5). The difference between carbon isotope values of coexisting calcite and organic matter, D
13
C cc-om , ranges from 10.6 to 25.1ø. With respect to soil taxonomic order, coexisting soil calcite and organic matter from the same horizon have the largest D 13 C cc-om values in Entisols (À24.5ø, n ¼ 1), followed by Aridisols (À21.0 6 5.9ø, n ¼ 2), Alfisols (18.1 6 0.5ø, n ¼ 2), Mollisols (15.2 6 0.9ø, n ¼ 3), and Vertisols (13.1 6 1.9ø, n ¼ 5).
DISCUSSION
Calcite Formation in Soils
Breecker and others (2009; see also Cerling and Quade [1993] ) make an explicit, but general, argument for the formation of soil calcite that is based upon solution chemistry of the CaCO 3 -H 2 O-CO 2 system (e.g., Drever 1973) and represented by the formula
where a CaCO3 is the activity of calcite (assumed to be equivalent to concentration); m Ca 2þ is the concentration of calcium ion in solution; PCO 2 is the partial pressure of CO 2 in soil gas; K 1 , K 2 , and K cal are dissociation constants, respectively, for carbonic acid, bicarbonate, and calcite; and K CO2 is the hydration constant for aqueous CO 2 . When a CaCO3 ¼ 1 the system is saturated with respect to calcite, and crystallization may occur. All K values are temperature dependent such that higher T drives the system toward crystallization of calcite, as does an increase in concentration of Ca 2þ or a decrease in the concentration of soil CO 2 .
Note that the variables affecting the activity of calcite in Eq. 1 share no direct correlation with climate, but their variation can be strongly related to the hydrology and water balance in a soil profile. Therefore, an understanding of the hydrology of the soil profiles in this work is needed in order to constrain the timing and conditions of calcite crystallization. Soil hydrology is profile-specific, but the soils C value measurement plotted on the x-axis is less than the size of the diameter of the red circle. The thick gray vertical line is the predicted calcite d 13 C value if it formed only from CO 2 derived from open-system oxidation of organic matter from that soil at temperatures equivalent to surface air during months of soil moisture utilization and deficit, whereas the thick black vertical line is the predicted calcite d 13 C value if formed from CO 2 derived from open-system oxidation of organic matter from that soil at the maximum mean monthly surface air temperature. See text for discussion. considered in this work may nevertheless be encompassed by two end members of soil solution transport: (1) free drainage and (2) waterlogging.
Soil solution transport in freely drained soils proceeds downward from the soil surface via gravity-driven piston flow (e.g., Allison et al. 1984) . Assuming that runoff and fog condensate (dew) are negligible, the water balance of a vegetated soil may be reasonably well approximated by water balance formulas that consider (1) monthly mean precipitation (P; Table 3), (2) monthly mean potential evapotranspiration (ETp ; Table 3 ), and (3) water-holding capacity (WHC ; Table 3 ) of the soil material within the rooting zone (Thorthwaite 1948 , Arkley 1963 . Mean precipitation values provide estimates of water that are an input to the soil and are estimated from direct measurements taken at weather stations near the soil profile sites. Evapotranspiration values are based upon temperature and daylight hours and provide estimates of water that is lost from the soil through biological and physical processes (Thorthwaite 1948). Water-holding capacity values provide estimates of the maximum bioavailable water within the rooting zone of the soil; they are calculated from average WHCs of different soil material textures as determined by the United States Department of Agriculture (see: http://www.mo10.nrcs.usda. gov/references/guides/properties/awcrange.html) normalized to textural thickness of soil materials in the rooting zone of each soil profile. Water-holding capacity may be exceeded if precipitation is greater than ETp, resulting in surplus (Table 3 ) moisture and leaching of soil solution to depths beneath the rooting zone. When ETp exceeds precipitation, bioavailable water will be extracted from the inventory of stored moisture (Table 3) in the soil material. This is called ''utilization,'' and it results in progressively lower storage values. Utilization of moisture held within the rooting zone may proceed until WHC reaches a value of 0, which means that the soil water balance has moved into a deficit (Thorthwaite 1948).
Periods of soil moisture utilization and deficit occur in all of the Californian soil profiles studied herein. Utilization begins as early as February (profile 6) and extends as late as June (profiles 1, 2, 5, and 11; Table 2 ). Deficit begins as early as March (profile 6) and extends as late as November (profile 6; Table 2 ). Surplus periods occur in four calcareous soils (profiles 1, 8, 9, and 14) beginning in December and extending through March (Table 2) .
According to the arguments surrounding Eq. 1 above, the soil chemical system will move toward calcite crystallization during periods of soil moisture utilization and/or deficit because the concentration of Ca 2þ in soil solution increases, as water is lost from the rooting zone (e.g., Bouma et al. 1997 , Bouma and Bryla 2000 , Casals et al. 2000 . Soil water balance periods of recharge and surplus lead to dissolution and removal, respectively, of Ca 2þ from the rooting zone. In this respect, crystallization of calcite is possible during soil moisture utilization in early spring (March, April). Furthermore, calcite crystallization should cease during soil moisture deficit, and dissolution may be possible as soil water storage values rise above 0 in late autumn (November, December).
Soil profiles that include periods of soil moisture surplus (profiles 1, 8, 9, and 14) pose an interesting problem for the development of pedogenic carbonate in these profiles. This reflects that surplus moisture leads to dissolution and leaching of Ca 2þ from the soil. Leaching of Ca 2þ from the soil will force the system away from crystallization of carbonate over time. Therefore, occurrence of calcite in these profiles is probably related to special circumstances, including the following: (A) calcite is out of equilibrium with the modern soil water balance and will be eventually dissolved and leached from the profile; (B) there is a sustained contribution of Ca 2þ to the soil solution either from in situ weathering of Ca-bearing minerals (limestone, silicates) and/or delivery of new carbonate to the profile via eolian processes that is in excess of the ability of surplus moisture to leach from the profile (Machette 1985, McFadden and Tinsley 1985) ; or (C) hydrology other than gravity-driven piston flow, such as waterlogging, that is conducive to calcite crystallization occurs in the profile.
Profile 1 (Aco series) has substantial amounts of surplus precipitation and probable leaching of soil material due, in large part, to coarse-textured soil materials and low WHC (Table 2 ). However, profile 1 is located near the Transverse Ranges of southern California and experiences a high dust flux (10-25 g/m 2 /yr) that may include up to 4 wt % CaCO 3 (Reheis 2003 ). Therefore, it is possible that the longterm eolian input of calcium to this soil has been greater than the current soil hydrology's ability to dissolve and remove it, and the presence of calcite in profile 1 probably relates to special circumstance ''B'' mentioned above. Endosaturation occurs in profiles 8 (Beckwourth) and 9 (Bellevista). Endosaturation in these profiles means that the water table rises to ;75 cm beneath the soil surface, within the zone of calcite accumulation (Table 2) , during the months of March, April, and May. It is likely that these profiles never become leached of Ca 2þ because there is either a lack of cation export or the soil is seasonally replenished with cations via endosaturation. This reflects that most groundwater systems are saturated with respect to calcite (Clark and Fritz 1997) , and, therefore, leaching of calcite from the soil by groundwater processes is not likely. However, seasonal dissolution and recrystallization in the groundwater-affected part of the profile is certainly possible. Therefore, the presence of calcite in profiles 8 and 9 probably relates to special circumstance ''C'' mentioned above. The presence of groundwater in these profiles makes it difficult to predict when and where the carbonate chemistry of the soil becomes saturated with respect to calcite, and the water balance calculations presented in Table 2 do not capture these dynamics. Nevertheless, soil moisture utilization and deficiency likely occur later in the year because of endosaturation, indicating that conditions may not be appropriate for calcite crystallization until June or July. Alternatively, carbonate may form upon the upper capillary fringe of the groundwater table as soon as the groundwater table begins to fall in April and/or May.
The official soil series description for profile 14 (Montague) states that the soil is currently characterized by slow permeability but is nevertheless well drained. However, the official soil series description also states that this moderately deep Vertisol developed upon Tertiary volcanics and is also characterized by low amounts of extractable Fe (i.e., chelated Fe and Fe-oxides), which indicates a past history of poor drainage. It is not possible to determine the mechanism for the change in drainage conditions of profile 14. Nevertheless, it seems possible that calcite accumulated in the profile during its period of poor drainage (special circumstance ''C'' mentioned above) and may be now undergoing dissolution and leaching during months of surplus soil moisture. Therefore, the presence of calcite in profile 14 relates to circumstance ''A,'' mentioned above. If calcite in profile 14 is indeed a relict phase that is undergoing removal, the material may be undergoing dissolution and recrystallization, and therefore its light stable isotopic composition may provide meaningful information about modern soil processes, similar to the circumstances for soil calcite formation in profile 1 (Aco).
Calcite and Organic Matter d 13 C Values
Soil organic matter d 13 C values range from À27.7 to À23.4ø. This relatively narrow range of organic matter d
13 C values is typical of bulk organic matter from vascular plants that utilize the C 3 photosynthetic pathway (e.g., Quade 1993, Arens et al. 2000) . However, soil calcite d
13 C values range from À14.4 to 1.3ø, comprising ;3.7 times greater variability than that associated with coexisting soil organic matter (Fig. 3) . This indicates that soil calcite d
13 C values are sensitive to sources of carbon beyond that of the carbon isotope composition of organic matter in the soil.
The d 13 C value of soil calcite is related to the d 13 C value of CO 2 and temperature in the soil profile at the time of crystallization (Romanek et 
where e 13 ccÀCO2 is an enrichment factor and corresponds to the per-mil difference between calcite and coexisting CO 2 (e
. We consider two possible soil temperatures for calcite crystallization: (1) mean surface air temperature during months of soil moisture utilization (T U ; Table 1 ) and (2) maximum monthly mean surface air temperature (T max ; Table 1 ).
Soil CO 2 may be characterized by mixing of one, two, or three components that originate from different circumstances and which can result in significantly different d
13 C values of soil CO 2 and pedogenic calcite (Cerling 1984; Hsieh and Yapp 1999; Yapp 2001 Yapp , 2002 Yapp 2005a, 2005c; Feng and Yapp 2009; Sheldon and Tabor 2009 ). The three CO 2 components are derived from (1) oxidation of in situ organic matter, (2) tropospheric CO 2 , and (3) dissolution and/or incorporation of preexisting carbon-bearing minerals such as calcite in the soil (Rabenhorst et al. 1984 , West et al. 1988 , Hseih and Yapp 1999 , Kraimer and Monger 2009 , Sheldon and Tabor 2009 . The following discussion considers these different CO 2 mixing scenarios and their applicability to calcite from the modern soil profiles studied herein.
One Soil CO 2 Component: Soils characterized by one component of CO 2 form under a chemically closed or semiclosed system (e.g., Whelan and Roberts 1973, Mintz et al. 2011 ) that arises in settings in which gaseous diffusion between the soil and the troposphere is limited, usually as a result of poorly drained, waterlogged conditions within the soil profile. Diffusion from the troposphere to the wet soil is limited, and aqueous O 2 in the soil is quickly consumed by oxidation of organic matter (Feng and Hsieh 1998) . Under these saturated conditions diffusive carbon isotope enrichment of CO 2 derived from oxidizing organic matter can be small (,1ø; O'Leary 1984) , and, therefore, the per-mil difference between organic matter and calcite that forms under these conditions will be primarily related to the temperature of crystallization according to Eq. 2 above (i.e., om ffi cc; e 13 ccÀCO2 ffi e 13 omÀCO2 ). In this respect, the smallest D 13 C cc-om values, and among the most negative calcite d
13 C values, are expected in soils characterized by one component of CO 2 (Fig. 3) .
Soils are most likely to be characterized by one component of CO 2 during flooding and/or waterlogging. Therefore, soils that preserve morphological evidence of redoximorphic conditions or are observed to experience seasonal groundwater flooding are most likely to experience conditions that could lead to calcite formation in the presence of one component of soil CO 2 . Profile 4 (Altamont) is the only soil with redoximorphic features, and it contains the most negative calcite d 13 C as well as the smallest D
13
C cc-om values (Table 2 ; Fig. 3 ). However, other groundwater-affected soils (profiles 8, 9, and 14) show a broad range of calcite d 13 C and D
C cc-om that include positive and large values, respectively, that are mostly inconsistent with calcite crystallization in the presence of one component of CO 2 derived solely from oxidation of soil organic matter. This indicates that in spite of seasonal or episodic groundwater flooding, the majority of calcite in these soils forms at times after endosaturation, when the soil profile is characterized by mixing of at least two components of soil CO 2 . Yet profiles 2 (Ager), 12 (Cropley), and 13 (Centerville), which have no observable evidence of redoximorphy or endosaturation, include calcite d 13 C and D
C cc-om values that indicate formation in the presence of one component of soil CO 2 (Table 2; Fig. 3 ). It is likely important that these particular soils with very negative calcite d
13 C values and small D 13 C cc-om values and no morphological or observable indication of anoxia are all Vertisols. This may reflect that Vertisols are characterized by a high concentration of fine clay as well as episodic saturation of the soil profile, which includes volume expansion of the soil and constriction of diffusion pathways from the soil to the troposphere.
This episodic saturation of the profile may lead to conditions that are permissive of calcite formation in the presence of CO 2 (1) largely dominated by a single CO 2 component derived from oxidation of organic matter that (2) undergoes minimal carbon isotope enrichment related to diffusion (e.g., Whelan and Roberts 1973, Mintz et al. 2011) . Note, however, that profiles 2 and 13 also include some d 13 C and D 13 C cc-om values that correspond to formation that is consistent with mixing of two components of CO 2 between tropospheric CO 2 and CO 2 derived from oxidation of soil organic matter, indicating that calcite also forms at times when the soil is not diffusion-limited by the effects of soil saturation (e.g., Mintz et al. 2011) .
Two Soil CO 2 Components: Soils characterized by two-component soil CO 2 mixing include (1) CO 2 from the open atmosphere (tropospheric CO 2 ) and CO 2 from in situ oxidation of biological (Cerling 1984) . In these soils, PCO 2 and the d 13 C value of Earth's atmosphere is the upper boundary condition, and there is a depth-dependent CO 2 production term that describes the oxidation of organic carbon in the soil. Above a characteristic CO 2 production depth within the soil, both the concentration and d 13 C of soil CO 2 will progressively approach the values of the Earth's atmosphere.
Contemporary tropospheric CO 2 is approximately 380 ppmV, with a d 13 C value of À8ø (Schlessinger 1996) , but for most of the past 600,000 years atmospheric PCO 2 did not exceed 280 ppmV and maintained a d 13 C value of approximately À6.5ø (Petit et al. 1999 ). Note that soil CO 2 derived from in situ oxidation of organic matter during two-component CO 2 mixing will be about 4.4ø more positive than the d 13 C value of the organic matter from which it is derived as a result of diffusive enrichment (Jost 1960, Solomon and Cerling 1987) . In this respect, it appears that pedogenic calcite d
13 C values in soils characterized by mixing of two soil CO 2 components record a temperature-dependent (Eq. 2) mass balance between CO 2 with relatively negative d
13 C values contributed from soil-respired CO 2 and CO 2 contributed from the troposphere with relatively positive d 13 C values.
A complete mixing profile of the two CO 2 components is seldom preserved by soil calcite d
13 C values as a result of leaching of carbonate to depths beneath the zone characterized by large changes in soil CO 2 d
13 C values over short vertical distances (e.g., Jenny 1941 , Quade et al. 1989 , Retallack 1994 , Royer 1999 . Nevertheless, profile 5 (Alturas; Fig. 2A ) appears to preserve a calcite d 13 C depth trend that closely matches patterns that are calculated for Fickian-type, steadystate, soil diffusion models of CO 2 (Cerling 1984 , Quade et al. 1989 , Cerling and Quade 1993 , Breecker et al. 2009 , Sheldon and Tabor 2009 ). Calcite d 13 C in profile 5 approaches a uniform value of approximately À9ø at ;50 cm below the soil surface ( Fig. 2A) , indicating this is well below the zone characterized by large changes in soil CO 2 d
13 C values over short vertical distance (as well as the characteristic production depth) of this soil during calcite crystallization. The depth trend in calcite d 13 C values ( Fig. 2A) is consistent with previously observed carbon isotope depth trends defined by calcite d
13 C values in other soils that exhibit invariant and most negative calcite d
13 C values beginning 30 to 50 cm beneath the soil surface (Quade et al. 1989 , Cerling and Quade 1993 , Breecker et al. 2009 ). These studies provide the principle modern evidence that has led to a recommendation for sampling of paleosol calcite d
13 C values at depths beneath 30 to 50 cm to ensure that calcite d Table 2 . Red dots correspond to soils with morphological or observational evidence of groundwater saturation within the zone of calcite accumulation. Black diamonds indicate data from profiles that are in the soil order Vertisols. Blue triangles indicate data from soil profiles with limestone parent material. Red squares indicate data from profiles that are in the soil order Aridisols. Open circles indicate data points that may correspond to calcite crystallization under closed-system conditions (i.e., they do not provide estimates of soil PCO 2 ). Note that a data point may be represented by more than one symbol. For example, a black diamond with an open circle around it indicates a data point from a soil profile that is in the soil order Vertisols and for which calcite crystallization may have occurred under closed-system conditions. See text for further discussion. 13 C values to 84 cm in depth, indicating that the zone characterized by large changes in soil CO 2 d
13 C values over short vertical distance for this soil extends to at least 84 cm beneath the soil surface when the profile is not flooded by endosaturation. Bellevista soils also include petrocalcic horizons, or layers lithified by calcite and silica cements, beginning at 51 cm, and, therefore, steady-state diffusion could be different in this soil as a result of large differences in the permeability and porosity of soil media through the profile. Nevertheless, several other profiles (1, 12, and 13) consistent with Fickian-type, opensystem, two-component CO 2 mixing preserve more negative calcite d
13 C values at shallower positions in the profile. This indicates that perhaps more than one steady-state CO 2 mixing profile has been present through the history of calcite crystallization in these profiles. These results are important, as they indicate (1) that soil respiration during periods of soil calcite crystallization may occur at much greater depths than previously thought (Breecker et al. 2009 ), (2) that soil depth does not conform to a single soil CO 2 mixing profile, and (3) that it is likely that many paleosol calcite carbon isotope data sets have been collected from depths well above the depths that are appropriate for estimates of atmospheric PCO 2 (e.g., Ekart et al. 1999) .
Among the 46 paired calcite-organic matter d 13 C values presented herein, 40 are permissive of formation in a soil characterized by mixing of CO 2 derived from tropospheric CO 2 and CO 2 derived from in situ oxidation of soil organic matter (Fig. 3 ). As will be discussed in a subsequent section, these 40 paired calcite-organic matter d
13 C values provide estimates of the concentration of CO 2 in the soil at the time of calcite crystallization.
Three Soil CO 2 Components: On the basis of geological and chemical arguments, several studies have concluded that threecomponent CO 2 mixing relations can exist in various soils (Hsieh and Yapp 1999; Yapp 2001 Yapp , 2002 Tabor et al. 2004; Yapp 2005b, 2005c) . As in two-component CO 2 mixing, three-component mixing assumes soil CO 2 is represented by sources contributed from oxidation of organic matter (i.e., soil-respired CO 2 ) and the global troposphere (e.g., Sheldon and Tabor [this volume] ) but includes as well a third component of CO 2 contributed from dissolution of preexisting carbonate in the soil profile. Although carbonate may have very negative d
13 C values in rare instances (e.g., one-component CO 2 mixing; Yemane et al. 1989 , Coney et al. 2007 , CO 2 that is produced from dissolution of carbonate generally is enriched in 13 C relative to atmospheric CO 2 or CO 2 derived from oxidation of organic matter (e.g., Hoefs 1997 , Criss 1999 , Sharp 2007 . As a result of these mixing relationships, pedogenic minerals that form in threecomponent soil CO 2 mixing systems are characterized (and for the most part recognized) by d
13 C values that are more positive than those associated with one-or two-component soil CO 2 mixing.
Another possible scenario by which a third component may affect the measured d
13 C values of soil calcite is physical entrainment of detrital or parent-material carbonate grains within pedogenically formed calcite (e.g., Rabenhorst et al. 1984 , West et al. 1988 , Kraimer and Monger 2009 . Marine limestone has relatively high calcite d
13 C values, ranging from approximately À2 to 6ø (Veizer et al. 1999) , which are substantially greater than the calcite d
13 C values encountered in most soils characterized by mixing of two soil CO 2 components (e.g., Salomons et al. 1978; Schlessinger 1982 Schlessinger , 1985 Cerling 1984; Rabenhorst et al. 1984; Amundson et al. 1989 Amundson et al. , 1998 Quade et al. 1989; Cerling and Quade 1993; Wang et al. 1996; Monger et al. 1998; Nordt et al. 1998; Kraimer and Monger 2009) . In this respect, incorporation of a third carbon component, whether it be as CO 2 or physical entrainment of preexisting carbonate, is expected to result in generally more positive d
C values in soil calcite. As mentioned, profile 1 (Aco) receives a substantial amount of detrital carbonate through eolian deposition of silt-sized grains. However, this soil profile also experiences months of soil moisture surplus. It is impossible to determine with existing data whether the following is correct, but we suppose that dissolution of eolian and pedogenic carbonate during months of soil moisture surplus permits equilibration of detrital-sourced carbonate with a two-component CO 2 dominated by soil-respired CO 2 and tropospheric CO 2 during months of soil moisture utilization and deficit. To be clear, we assume this scenario applies to all other soils that receive small doses of finegrained detrital carbonate.
Profile 10 (Beveridge) is developed upon limestone parent materials (Table 1) and therefore may include some detrital carbonate that is entrained within the Bk horizons of these soil profiles. Profile 10 has among the most positive calcite d
13 C values measured in this study (Fig. 3) and contains increasing concentrations of carbonate downward through the profile (Table 2) , as may be expected for a soil weathering front upon limestone (Rabenhorst et al. 1991) . Reflected light microscopic inspections of these samples provide no obvious indications (e.g., invertebrate fossils) of an entrained population of detrital carbonate grains. Petrographic microscopy is a superior means by which to evaluate the presence of detrital grains (West et al. 1988, Kraimer and Monger 2009 ), but none of these samples have been inspected petrographically as a result of concerns related to exhausting the small amount of sample available for geochemical analysis. Because we are not able absolutely to rule it out at this time, we consider samples from profile 10 (Beveridge) to incorporate a detrital source of carbonate, and we assume as well that measured calcite d 13 C values from this profile may be more positive than those from a purely pedogenic calcite.
Estimates of Soil PCO 2 and Soil-Respired CO 2
The following equation (after Yapp and Poths [1996] ) relates measured soil calcite and organic matter d
13 C values to soil PCO 2 :
C SðccÞ ¼ C AðccÞ 3 d 13 C AðccÞ À d 13 C OðccÞ
The subscript (cc) indicates calcite. d 13 C CC is the measured d 13 C value of pedogenic calcite (d 13 C CC in Table 2 ). The d
13
C values subscripted with ''A'' and ''O'' are predicted d
C values of calcite if formed solely in equilibrium with CO 2 derived from the atmosphere and from oxidation of soil organic matter (i.e., respired CO 2 ), respectively. C A refers to the concentration of CO 2 in the soil if the only contribution to soil CO 2 were from the atmosphere. C S is the actual concentration of CO 2 that was present in the soil at the time of calcite crystallization; it is the sum of atmospheric and soil-respired CO 2 (Yapp and Poths 1996) . Both C A and C S are expressed in units of ppmV. Table 2 ). d 13 C O(cc) values include an ;4.4ø diffusive enrichment associated with oxidation of soil organic matter , as well as a temperature-sensitive quantity of 13 C enrichment associated with equilibrium isotope exchange between CO 2 and calcite (Romanek et al. 1992 ):
where e 13 ccÀCO2 is equivalent to the quantity defined in Eq. 2 and d 13 C OM represents the d 13 C values of organic matter reported in Table 2 . The variable a k is the ratio of the soil diffusion coefficients of the CO 2 molecules with mass numbers 44 and 45 ( 44 D/ 45 D). The value of a k used here is 1.0044 .
The C A values at the time of calcite crystallization among these soils are not known precisely. Nevertheless, these soil profiles occupy geomorphic positions interpreted to be no older than late Pleistocene (125,000 years old). Atmospheric PCO 2 has remained low, between 280 and 180 ppmV, for all of that time up to the Industrial Revolution (;1800 C.E.; Etheridge et al. 1996 , Petit et al. 1999 , and thus the range of C A values over the entire interval of soil formation is reasonably well constrained. Considering that the 14 C ages of pedogenic calcite indicate that even very dry and old geomorphic landscapes (.10 6 years old) undergo complete recrystallization in ,20,000 years (Deutz et al. 2002) , it is reasonable to restrict C A values to the higher end (280 ppmV) of PCO 2 values that have occurred in the past 125,000 years. Note that if C A values were in fact higher or lower than 280 ppmV the actual value of C S would be higher and lower, respectively, than the calculated value. For example, soil PCO 2 estimates of 1000 ppmV based upon an assumed C A of 280 ppmV overestimate the actual value (600 ppmV) if it had formed in soil when C A was 180 ppmV.
Based upon these assumed values for calcite crystallization temperature, C A , d 13 C A(cc) and d 13 C O(cc) , estimates of soil PCO 2 (C S in Eq. 3) range from 300 to 30,360 ppmV ( Table 2) . As discussed earlier, high soil PCO 2 is not conducive to calcite crystallization (Eq. 1). Therefore, very high soil PCO 2 estimates in this data set seem implausible. Yet, how high is too high for soil PCO 2 to permit soil calcite crystallization is unknown.
High soil PCO 2 estimates may be in part related to arithmetic artifacts of the model and the analytical precision of measurements of d 13 C CC and d 13 C OM . Calcite and organic matter d 13 C values, D 13 C ccom values specifically, are inversely related to estimates of soil PCO 2 . Furthermore, the precision of d 13 C CC and d 13 C OM measurements is no better than 60.1ø. This precision corresponds to a small range of soil PCO 2 estimates at large D 13 C cc-om values, whereas the same precision corresponds to very large ranges of soil PCO 2 estimates at small D 13 C cc-om values. For example, profile 10 (Beveridge) is characterized by the largest D 13 C cc-om of 25.5ø; an uncertainty of 60.1ø in this value corresponds to a range of soil PCO 2 estimates of ,1 ppm. However, profile 11 (Bidwell) has the smallest D 13 C cc-om value, 14.4ø, that is also permissive of formation in a soil characterized by open-system, two-component CO 2 mixing; an uncertainty of 60.1ø provides a large enough range to move this soil from an open system with soil PCO 2 of 30,000 ppmV to one that is best modeled by a closed system, one CO 2 component (i.e., a solution for PCO 2 that results in negative values). The extreme sensitivity of the model to small changes in the measured d
13 C values of calcite and organic matter at relatively low D 13 C cc-om values indicates that soil PCO 2 estimates above ;20,000 ppmV are not resolvable in a useful way. Therefore, soil PCO 2 estimates .20,000 ppmV should be regarded in this way, and not, for example, as 30,360 ppmV (e.g., profile 11; Table 2 ).
In addition, the temperature used to calculate soil PCO 2 at the time of calcite crystallization can have a very large effect on the resulting range of soil PCO 2 estimates. As mentioned, the temperatures of calcite crystallization used to estimate soil CO 2 in these profiles are (1) average of mean monthly surface air temperatures during months of soil moisture utilization and (2) maximum mean monthly surface air temperature. The difference between these two temperatures varies, but (2) is always greater than (1) by 3 to 158 C ( Table 1) . As a result of the temperature-dependent behavior of carbon isotope fractionation, higher temperatures of crystallization correspond to lower estimates of soil PCO 2 (C S ; Table 2 ). Recent D 47 measurements of modern soil calcites indicate that crystallization occurs during the dry seasons at temperatures near or slightly in excess of the dry season surface air temperature (Passey et al. 2010) . Therefore, temperatures in categories (1) and (2) above provide a range of soil PCO 2 estimates that likely encompass the actual value of soil PCO 2 at the time of calcite crystallization.
Profile 8 (Beckwourth), which includes morphological evidence for waterlogging and D 13 C cc-om values that indicate calcite crystallization in a one-component CO 2 system, also contains several D 13 C cc-om values permissive of two-component soil CO 2 mixing (Fig. 3 ) and corresponds to soil PCO 2 estimates ranging from 770 to .20,000 ppmV; mean profile soil PCO 2 estimates range from 3410 to 11,550 ppmV depending upon the temperature of soil calcite crystallization (Table 2) . Other soil profiles with evidence of groundwater influence have D 13 C cc-om values that correspond to substantially lower soil PCO 2 than does profile 8 (Table 2; Fig. 3 ). Profile 9 (Bellevista) soil PCO 2 estimates range from 860 ppmV at shallow depths to 2790 ppmV at maximum depths that contain soil calcite (Table 2) . Profile 14 ranges from 2260 to 7350 ppmV; mean profile values range from 2410 to 6250 ppmV depending upon the temperature of soil calcite crystallization.
Soil PCO 2 estimates from Vertisols (Tables 1, 2) with D 13 C cc-om values that are permissive of open-system, Fickian two-component soil CO 2 mixing (Fig. 3) correspond to substantially higher C S values than do other soil orders in this data set. Soil PCO 2 estimates for profile 2 (Ager) range from 460 to 3760 ppmV; mean profile soil PCO 2 estimates range from 1630 to 2800 ppmV depending upon the temperature of soil calcite crystallization (Table 2 ). Profile 13 (Centerville) soil PCO 2 estimates range from 1410 to 5290 ppmV; mean profile soil PCO 2 estimates range from 1970 to 3310 ppmV depending upon the temperature of soil calcite crystallization ( Table 2) . As mentioned previously, profile 14 ranges from 2260 to 7350 ppmV; mean profile values range from 2410 to 6250 ppmV depending upon the temperature of soil calcite crystallization.
The generally small D 13 C cc-om values and higher soil PCO 2 estimates from the soil with redoximorphic morphology (profile 8; Beckwourth) and Vertisols that also have small D 13 C cc-om values indicative of closed system formation of calcite (profiles 2, 4, and 12) may actually indicate high soil PCO 2 at the time of calcite crystallization (Table 2 ). However, it is possible also that calcite formed by (1) crystallization in closed system, one CO 2 component conditions and (2) crystallization in open-system, Fickian twocomponent CO 2 mixing conditions that are co-mingled within bulk soil material that result in mixtures with d
13 C values that correspond to artificially high soil PCO 2 estimates. This kind of physical mixing of different generations of soil calcite has been observed in other modern Vertisols (Mintz et al. 2011) , and it does result in soil PCO 2 estimates that are too high for the interval of open-system, Fickian twocomponent CO 2 mixing. The results presented here, and those previously published by Mintz and others (2011) , indicate that redoximorphic soils, and perhaps most Vertisols, have a complicated soil hydrology that may lead to multiple and rapidly changing CO 2 diffusion states that make their utility for estimating soil and atmospheric PCO 2 from modern and ancient Vertisol D 13 C cc-om data especially challenging. However, profile 14 (Montague) is a Vertisol, and although D 13 C cc-om values correspond to relatively high soil PCO 2 (2390 to 13,030 ppmV), it preserves no indication of closed-system calcite formation.
Soil profiles with no morphological indication of waterlogging and no geochemical indications of closed-system soil CO 2 mixing (profiles 1, 5, 6, 7, 10, 11, and 14) have D 13 C cc-om values ( Fig. 3 ; Table 2 ) and temperatures that provide a range of soil PCO 2 estimates from 300 to .20,000 ppmV. Most D
C cc-om values provide soil PCO 2 estimates that correspond to relatively low soil PCO 2 values. In particular, profiles 1, 6, and 10 preserve D 13 C cc-om values that correspond to soil PCO 2 estimates ranging from 300 to 1540 ppmV depending upon the temperature of calcite crystallization. Profiles 1 (Aco) and 6 (Amedee) are Aridisols and are characterized by relatively low productivity due to high demands of soil moisture by soil biota that are limited by low annual precipitation and low WHC of soil material in the rooting zone. In this respect, low soil PCO 2 estimates from Aridisols are somewhat expected and are consistent with measurements of soil PCO 2 at the time of calcite crystallization in other soil profiles developed in arid climates and with low WHC (Breecker et al. 2009 ).
Profile 10 (Beveridge) preserves D 13 C cc-om values that correspond to soil PCO 2 estimates ranging from 300 to 520 ppmV, the lowest soil PCO 2 estimates of any soil profile considered herein. Profile 10 (Beveridge) is an Entisol characterized by a thin solum and is developed upon limestone parent materials in a cold climate. Soils developed upon limestone are commonly nutrient-limited and therefore typically have low-productivity floras associated with them (e.g., Buol et al. 2003) . Furthermore, cool and cold climates limit the potential productivity of soil floras and the resulting soil-respired CO 2 that is a product of this production (e.g., Lieth 1975) . Therefore, D 13 C cc-om values that correspond to relatively low soil PCO 2 at the time of calcite crystallization in profile 10 may be reasonable. Yet the large D 13 C cc-om values in profile 10 may also be due, at least in part, to inheritance or physical inclusion of calcite from its Late Paleozoic limestone parent material. This possibility reflects the facts that Late Paleozoic limestone typically contains calcite d 13 C values that are similar to, or greater than, those measured in profile 10 ( Table 2; Veizer et al. 1999) and that physical entrainment of limestone parent material in soil calcite has been shown to result in d
13 C values that are too positive for the conditions at the time of pedogenic calcite crystallization (Kraimer and Monger 2009) . It is impossible to evaluate from the existing data whether inheritance of Late Paleozoic limestone in profile 10 has resulted in artificially large calcite d
13 C values. Nevertheless, we consider the very low soil PCO 2 estimates from profile 10 to be reasonable because they are consistent with the ecology and climate of that soil.
The highest soil PCO 2 estimates occur in profile 11 (Bidwell), with a range of 4220 to .20,000 ppmV ( estimates range from 2060 to 4910 ppmV, with an average of 2040 6 320 and 3300 6 860 ppmV depending upon the temperature of calcite crystallization, at depths .50 cm beneath the soil surface ( Table 2 ). Note that these soil PCO 2 estimates (C S ) correspond to the sum of CO 2 contributed from the atmosphere (C A ¼ 280 ppmV) and soil-respired CO 2 [S(z) ; Cerling 1984] that is produced by in situ oxidation of soil organic matter. Therefore, soil-respired CO 2 in this profile ranged from 1760 6 320 to 3020 6 860 ppmV depending upon the temperature of calcite crystallization. The resulting estimates of C S (Table 2 ) from profiles 5 (Alturas), 7 (Anacapa), 11 (Bidwell), and 14 (Montague) indicate that it is possible for soil-respired CO 2 to be substantially higher at the time of calcite crystallization than has been observed in previous studies of calcite-bearing soil profiles characterized by two-component soil CO 2 mixing. For example, Breecker and others (2009) focused upon four different soil profiles from a semiarid (210-375 mm/yr precipitation) region with aridic to ustic soil moisture regimes and a mesic soil temperature regime in central New Mexico. That work deduced that soil calcite tends to form seasonally, likely in the late spring, and at relatively low soil CO 2 concentrations ranging from ,1000 to 2000 ppmV. The parent material for all four of those soils is coarse gravelly alluvium. The conditions for soil calcite formation in soil profiles considered by Breecker and others (2009) are similar to those from profiles 1, 6, and 10 in this study in that they are characterized by low rainfall and low soil WHC.
Note that low soil PCO 2 indicates a small contribution of CO 2 from soil respiration [S(z); Cerling 1984] and relatively low soil productivity at the time of calcite crystallization. Conversely, high soil PCO 2 indicates a large contribution of CO 2 from soil respiration (Cerling 1984) and relatively high soil productivity at the time of calcite crystallization. Thus, soil productivity is limited in some way for profiles with low soil PCO 2 estimates compared to those with high soil PCO 2 estimates. Soil productivity is affected by many things (e.g., Schlessinger 1996 [and references therein]) but it is nevertheless a function of two primary factors: (1) moisture availability to facilitate transpiration, respiration, and carbon-fixation reactions and (2) temperature that directly affects the rates at which these reactions proceed. Therefore, any solution that seeks to explain the variation of soil PCO 2 , and soil-respired CO 2 in particular, must somehow incorporate both of these factors.
Significantly, Californian soil profiles with relatively high soil PCO 2 estimates (profiles 5, 7, 11, and 14; Table 2 ) have much higher WHC and greater amounts of soil moisture utilization ( Table 3 ) that progress later into the year and during warmer growing conditions than do profiles with lower soil PCO 2 estimates (profiles 1, 6, and 10). This may indicate that greater productivity and soil PCO 2 occur at the time of calcite crystallization in soils that have greater amounts of soil moisture storage available for utilization by soil flora later into the growing season.
In order to evaluate this possibility, we use average soil PCO 2 estimates based upon D 13 C cc-om values and compare them with the estimated heat content of liquid water during the period of soil moisture utilization for those soil profiles with hydrology characterized by gravity-driven piston flow and that are evidently not affected by groundwater or waterlogging (i.e., we use profiles 1, 5, 6, 7, 10, 11, and 14) . Soil PCO 2 values used here are the average of soil PCO 2 estimates from all horizons either from (1) depths beneath the zone characterized by large changes in calcite (and soil CO 2 ) d
13 C values over short vertical distances (e.g., 52 cm; profile 5) or (2) below 30 cm in depth (profiles 1, 6, 7, 10, 11, and 14) because that is the typically recommended upper limit for sampling in most other calcite-forming soil profiles (Quade et al. 1989, Cerling and Quade 1993) . The average soil PCO 2 values range from 360 to 6250 ppmV ( Fig. 4 ; Table 2 ). The energy flux (referred to herein as E PPT-U ) associated with periods of soil moisture utilization is a calculation of heat content of the soil moisture volume that is utilized for ETp during periods of soil moisture utilization (Table 3 ). The specific heat of H 2 O (4.18 kJ/kg/8K) is used to convert this utilized volume of water into a chemical energy flux by assuming that 1 cm 3 of water is equivalent to 1 g of water and that E PPT-U (kJ/m 2 /yr) is represented by the difference between surface air temperature during months of soil moisture utilization and the freezing point of water (Rasmussen and Tabor 2007) . E PPT-U values for each soil profile range from 159 to 1211 kJ/m 2 /yr (Fig. 4) . The energy flux values were plotted against soil CO 2 estimates calculated from (1) maximum monthly mean surface air temperatures (Fig. 4A) and (2) average surface air temperature during periods of soil moisture utilization (Fig. 4B ). The energy flux value E PPT-U shares a strong correlation with the inverse of soil PCO 2 estimates from calcitebearing profiles characterized by two-component soil CO 2 mixing (Fig. 4) , whether the PCO 2 estimates are calculated from maximum monthly mean surface air temperatures ( Fig. 4A ; R 2 ¼ 0.96) or average surface air temperature during periods of soil moisture utilization ( Fig.  4B ; R 2 ¼ 0.97). That is, low E PPT-U flux to the soil corresponds to low soil PCO 2 , whereas high E PPT-U flux to the soil corresponds to high soil PCO 2 at the time of calcite crystallization. The very strong correlation between soil PCO 2 estimates and E PPT-U values indicates that soil respiration is primarily a product of soil moisture availability and temperature during periods of soil moisture utilization and calcite crystallization.
This data set indicates that soils composed of materials that can hold a large volume of soil moisture at the onset of soil moisture utilization (Table 3) and that continue to receive rainfall during the months of moisture utilization may be capable of maintaining higher rates of water transpiration and soil respiration later into the growing season. The data set provided here further indicates that soil PCO 2 during soil moisture utilization and calcite crystallization may be in excess of 5000 ppmV (Table 2 ; Fig. 4 ). Note that results from profile 11 (Bidwell) indicate a relatively high soil PCO 2 , but this soil also only stores about half of its potential maximum WHC (WHC ¼ 27.8 cm, maximum storage ¼ 14.3 cm; Table 3 ) and receives relatively little precipitation (P ¼ 7.1 cm) compared to ETp (ETp ¼ 21.2 cm) through the period of soil moisture utilization. In this respect, it is possible that a calcareous soil such as this could achieve much greater energy throughput (E PPT-U values) and a longer period of soil moisture utilization that extends into the warmest times of year if it formed in a climate characterized by higher winter rainfall to increase the soil moisture storage volumes and greater rainfall during the growing season (such as a udic soil moisture regime). We expect that such a postulated soil profile is capable of forming soil calcite at substantially higher soil PCO 2 values than those estimated from the Californian soil profiles studied herein .   FIG. 4. -Plot of the inverse of average soil PCO 2 estimates from .30 cm in depth in the profile for soils characterized by gravity-driven piston flow hydrology vs. E PPT-U calculated for (A) maximum monthly temperature and (B) average temperature during soil moisture utilization. E PPT-U is the sum of energy transferred through the soil during months of soil moisture utilization. See text for further discussion.
SUMMARY AND CONCLUSIONS
This work presents the results from a study of 14 different calcareous soil profiles from California and emphasizes the importance of soil hydrology-and variations in the WHC of soil material in the rooting zone in particular-in order to explain the occurrence and timing of crystallization as well as variations in carbon isotope compositions of calcite among the different soil profiles. There appear to be two general scenarios for carbonate accumulation among the 14 different soil profiles. Scenario 1 involves seasonal flooding and stagnant or lateral flow of moisture in the zone of calcite formation, whereas scenario 2 involves well-drained profiles characterized by gravity-driven vertical flow and downward leaching of Ca 2þ to the depth of wetting in the profile.
The stable carbon isotope geochemistry of calcite varies over a range of 15.7ø, whereas the d 13 C values of plant organic matter vary over a narrow range of 4.3ø among all soil profiles. Calcite d
13 C values tend to be more negative in soils that experience groundwater flooding in the zone of calcite accumulation than in well-drained soils characterized by vertical downward flow of soil moisture. We suspect that this tendency derives from differences is gas diffusion, whereby poorly drained soils may experience non-Fickian-type diffusion that results in a smaller isotopic enrichment of 13 CO 2 derived from oxidation of organic matter and that also limits diffusion of isotopically more positive tropospheric CO 2 to sites of calcite crystallization. Soil PCO 2 estimates that result from d
13 C values of coexisting calcite and organic matter in these poorly drained soil profiles are either unrealistically high or offer inconclusive results (i.e., negative values of soil PCO 2 ; Table 2 ). Studies of modern soil profiles have begun to look for indicators of complex soil drainage that have the potential to be preserved in the paleosol record, such as cathode-luminescence petrography (e.g., Mintz et al. 2011) , and future work may help to further our collective ability to recognize such complicated profiles. However, we consider that the most practical approach involves avoiding the use of carbon isotope data for estimates of paleoatmospheric PCO 2 that is collected from paleosols with morphological evidence of variably or poorly drained conditions (Ekart et al. 1999, Sheldon and Tabor 2009) . Considering the abundance of paleosol profiles with evidence for variable and poor drainage in Upper Paleozoic and Mesozoic sedimentary basins, our recommended approach will likely make it challenging, or perhaps impossible, to develop high-resolution (e.g., 10 3 -10 4 ) atmospheric PCO 2 reconstructions from paleosol carbon isotope data in particular parts of the geological record.
Finally, soil PCO 2 estimates from coexisting calcite and organic matter in well-drained profiles characterized by vertical, gravity-driven flow indicate substantial variation in PCO 2 at the time of calcite crystallization. Furthermore, soil PCO 2 estimates show a strong inverse correlation with E PPT-U values, a metric that combines (a) moisture available for soil transpiration and (b) temperature to facilitate soil respiration. These results indicate that more can be done to reconstruct paleoatmospheric pCO 2 than is achieved by (1) assuming soil PCO 2 at the time of calcite crystallization (e.g., Tabor et al. 2004) or (2) using a single soil PCO 2 for all paleosol profiles since Silurian time. Therefore, we propose that future work should seek to expand this study of modern well-drained soils with more analyses of the carbon isotope geochemistry of coexisting soil calcite in California, as well as to other places characterized by different seasonality, to identify (1) a probable maximum range of soil PCO 2 at the time of soil calcite crystallization and (2) more soils that appear to preserve a complete CO 2 mixing profile based upon depth trends of calcite d 13 C that are similar in form to profile 5 (Alturas: Table 2; Fig. 3) . A selection of representative soils could then be analyzed for short-term changes in the concentration and stable carbon isotope composition of the soil gas phase, in a manner similar to that developed by Breecker and others (2009) No single laboratory or combination of laboratories could complete this kind of research in a practical amount of time. Nevertheless, our ability to provide constrained estimates of paleoatmospheric PCO 2 from carbon isotope studies of paleosol profiles is certainly one of the most important contributions that paleopedology has provided to the discipline of earth sciences. In this respect, a community-wide and coordinated effort to resolve the issues surrounding soil PCO 2 for the purposes of paleoatmospheric PCO 2 reconstruction from paleosols may be a useful rallying point for the discipline of paleopedology.
